Due to their unique reactivity profiles and inherent strain energy, cyclopropanes and cyclobutanes have emerged as important pharmacophores and versatile building blocks in modern organic synthesis.
1,2 Lewis acid-catalyzed dipolar cycloadditions involving donoracceptor (DA) cyclopropanes are well documented and have been employed extensively for the preparation of different heterocycles, 3 including those leading to the
(1) (a) Donaldson, W. A. Tetrahedron 2001, 57, 8589-8627. (b) Rubin, M.; Rubina, M.; Gevorgyan, V. Chem. Rev. 2007, 107, 3117-3179. (2) (a) Lee-Ruff, E.; Mladenova, G. Chem. Rev. 2003 , 103, 1449 -1483 Namyslo, J. C.; Kaufmann, D. E Chem. Rev. 2003 , 103, 1485 -1537 (3) For DA cyclopropane reviews, see: (a) Wenkert, E. 11 thus we sought to access the piperidine nucleus through a Lewis acid-catalyzed formal [4+2] cycloaddition of appropriately substituted DA cyclobutanes and imines (Scheme 2).Given our ongoing interest in alkoxy substituted DA cyclopropanes, 3h,3j,12 the analogous cyclobutanes were chosen as substrates for the exploration of this chemistry. Herein we report a modified procedure for the synthesis of DA cyclobutanes that are activated by an alkoxy donor group and geminal diester withdrawing groups. Furthermore, the subsequent application of these cyclobutanes for the first time in imine dipolar cycloadditions to afford highly substituted piperidine and piperideine derivatives is also reported.
Scheme 2. Formal [4+2] cycloaddition of DA cyclobutanes and imines
The 2-alkoxy-1,1-cyclobutane diesters are interesting latent 1,4-dipole equivalents that can be prepared from enol ethers and methylidene malonates. The preparation of this class of cyclobutanes was reported by Roberts in 1986 (Scheme 3), 13 yet it was somewhat surprising that the use of these cyclobutanes in dipolar cycloadditions had not been realized prior to this work.
Scheme 3. ZnBr2 mediated synthesis of DA cyclobutanes Duplication of the conditions reported by Roberts for the reaction of dihydropyran with di-tert-butyl methylidene malonate, in our hands, gave a poor yield (39% Table 1 , entry 1), and isolation of the cyclobutane was complicated by both considerable byproducts and the stoichiometric ZnBr2. More problematic, however, was our inability to extend this methodology to the more readily available and reactive diethyl methylidene malonate, and only trace amounts of the desired cyclobutane was observed along with a complex mixture of polymerization and ring opened byproducts (entry 2). A variety of other Lewis acids were then screened, and Sc(OTf)3 and Yb(OTf)3 quickly emerged as competent catalysts, with Yb(OTf)3 being the catalyst of choice due to slightly higher yields and lower catalyst cost (entries 5
a simple filtration to provide the cyclobutane in high purity and yield. Having identified Yb(OTf)3 as a superior catalyst for the synthesis of alkoxy substituted DA cyclobutanes, the feasibility of using it to catalyze the [4+2] cycloaddition of these cyclobutanes with imines was explored.
14 To our delight, upon exposure of cyclobutane 3b and imine 4a (prepared in situ) to catalytic Yb(OTf)3 at -50 °C, the bicyclic piperidine 5a as a single diastereomer and piperideine 6a were observed (Scheme 4). On the other hand, reaction of imine 4b gave cycloadduct 5b as a 2:1 mixture of diastereomers as well as piperideine 6b. The relative stereochemistry of trans-5b and cis-5b was assigned on the basis of NOE interactions, and ultimately confirmed by single-crystal X-ray analysis (Figure 1) . In order to isolate only the piperideine product, the reaction was warmed to room temperature for an hour after consumption of the cyclobutane, to drive the product from the piperidine 5a to the piperideine 6a. 
. Single crystal X-ray structures of trans-5b and cis-5b
Having demonstrated that both the cyclobutane and piperideine syntheses were successful, the scope for both reactions was explored and the results are summarized in Table 2 . In regard to the cyclobutane formation, the range of compatible methylidene malonates has been expanded beyond di-tert-butyl methylidine malonate to now encompass the more reactive diethyl-and dimethyl methylidine malonates. The range of enol ethers that participated in the cycloaddition was quite broad with cyclic, acyclic and higher-substitution patterns being tolerated (3b-g). Regarding the [4+2] reaction, electron deficient (6b and 6g) and electron rich (6c) aromatic (6a, 6e and 6f) and hetereoaromatic (6d) imines participated. Unfortunately, the more reactive cyclobutanes 3e-g gave complex mixtures when subjected to the same reaction conditions. Scheme 5. Yb(OTf)3 catalyzed synthesis of DA cyclobutanes and piperideines
6b, Ar = 3-NO2C6H4 73%) 6c, Ar = 4-MeOC6H4 (77%) 6d, Ar = 2-thienyl (42%) 6e, Ar = 2-naphthyl (84%) 6f, Ar = Ph (86%) 6g, Ar = 3-NO2C6H4 (81%)
Next, the ability of Yb(OTf)3 to catalyze the synthesis of cyclobutanes with carbon donating groups was explored (Scheme 6). The [2+2] reaction of methylidine malonates with p-vinyl anisole and anethole gave cyclobutanes 3h -3k as single diastereomers. Unfortunately, no reaction was observed with styrene and only polymerization products were observed. In contrast to the cyclobutanes activated by alkyl ethers, the cycloaddition of imines with cyclobutane 3h required higher temperatures and longer reaction times (0 °C for 10 h vs. -50 °C for 1 h). Nonetheless, the cycloaddition provided pentasubstituted piperidines with electrondeficient or rich aromatic, cinnamyl, and heteroaromatic imines. All the cycloadducts 6h -m were obtained in moderate to good yields and exclusively as the transdiastereomer. The cyclobutanes 3i -3k failed to react productively with imines, and only decomposition was observed.
Scheme 6. Synthesis of cyclobutanes and pentasubstituted piperidines
Finally, the possibility of carrying out the cyclobutane formation/imine cycloaddition reaction sequence in one reaction vessel was examined (Scheme 7). When a CH2Cl2 solution of imine was added to a concentrated solution of the in situ formed cyclobutane the cycloadduct was obtained in yields ranging from (59 -84%). While isolating the cyclobutane is advantageous for building chemical libraries, obviating cyclobutane isolation with a one-vessel three-step reaction sequence can be a practical option for large scale target-specific synthesis. 15 Scheme 7. One pot, multi-step synthesis of piperideines In summary, a new and reliable procedure for the preparation of alkoxy-substituted DA cyclobutanes has been developed, and these cyclobutanes have been shown for the first time to undergo dipolar cycloadditions. They undergo a smooth [4+2] cycloaddition with imines to afford highly substituted piperidines and piperideines. Additionally, a one pot procedure for cyclobutane synthesis and subsequent imine cycloaddition has been demonstrated. Efforts are currently underway to develop new cycloaddition reactions utilizing these cyclobutanes.
